The performance of the Radiometer ABL 1 blood-gas analyser has been evaluated using tonometered blood samples of known Po 2 and Pco 2 . The pH electrode was compared with two other pH electrode systems and the haemoglobin estimations were compared with measurements made by the standard cyanmethaemoglobin method. The accuracy of the machine compared well with standard blood-gas equipment, but the haemoglobin values had a small error because of a zero offset in the machine. The analyser is simple to operate and has low running costs.
"Green" calibrating solution: pH 6.841, Po 2 132.5 mm Hg, Pco 2 82 mm Hg; "Red" calibrating solution: pH 7.383, Po 2 not measured, Pco 2 41 mm Hg.
These solutions are passed intermittently into the electrode cuvette to provide the reference points for the calibration procedure.
The measuring system contains electrodes for pH, Po 2 and Pco 2 , together with a photometer for haemoglobin measurement and a strain-gauge barometer. These transducers are maintained at 37 °C by warm-air circulation. The three electrodes are contained in a single cuvette and are shorter than previous Radiometer designs. The pH-sensitive glass of the pH electrode is situated at the tip of the electrode and projects into the sample path. The calomel reference electrode is connected to the sample by a bridge of 20% potassium chloride (KC1). This forms an open liquid junction with the blood at a point which is downstream from the main cuvette (fig-1) .
The oxygen electrode operates on the polarograph principle (Clark, 1956) . It is polarized at approximately 630 mV and is separated from the blood by a 20 [Am polypropylene membrane.
The Pco 2 electrode is based on the principle described by Severinghaus and Bradley (1958) . It is covered by a 10-jxm Teflon membrane which is separated from the electrode by a nylon-mesh spacer. Haemoglobin is measured by the transmission principle at a wavelength of 505 nm and with a 0.15 mm path length.
The control system comprises a micro-computer closely associated with a data-logger, display, printing and control hardware ( fig. 2) . The computer has three modes of operation: calibrate, sample, and rinse.
. BRITISH JOURNAL OF ANAESTHESIA Calibration is initiated when the machine is switched on, and occurs subsequently every 2 h. Calibration may also be initiated by the operator.
The initial calibration is intended, additionally, to check the efficiency of the electrodes. During this procedure the calibrating solutions are pumped into the cuvette and the electrode status may be assessed. If this check does not fall within the limits of the nomograms supplied by the manufacturers, normal electrode fault-finding procedures are carried out. The manufacturers recommend that such an electrode check is carried out once a week. It may be initiated by switching the machine off for 15 s, and then switching it on again.
The routine (two-hourly) calibrations follow the same sequence as for the electrode check, except that the actual buffer parameters are measured by the instrument. During the calibration cycle the inlet flap is locked by valve V 9 ( fig. 1 ). Valves V 1 and V 4 are then closed and valves V, and V o are opened.
Rotation of the main pump thus draws the "red" calibrating solution into the cuvette until it is sensed by the liquid sensor VsB. Activation of the sensor causes the main pump to rotate in the opposite direction, closing valve V 2 and opening valve V x so that the "red" calibrating solution is directed to waste. The flushing procedure is performed three times in all. During the fourth cycle, the calibrating solution is pumped to the cuvette and KC1 is pumped via valve V 5 to form an open liquid junction with the solution. After a measuring cycle of approximately 118 s the calibrating solution is pumped to waste. This procedure is then repeated for the "green" calibrating solution, the operation of valves V 3 and V 7 being substituted for V 2 and V 6 . Completion of the calibrate cycle initiates the rinse cycle. Thus, for the pH and Pco 2 electrodes, calibration curves are generated from the two points obtained from the "red" and "green" calibrating solution. Since the output of the Po 2 electrode is proportional to the oxygen tension, the electrode will have zero output at zero tension. The ABL 1 uses this principle for calibration of the oxygen electrode, using the "green" calibrating solution to give a point at about 132 mm Hg, the calibration curve being drawn between this point and zero output. Calibration data are stored in the short-term memory of the instrument, superseding any previous data, and subsequent analyses are corrected on the basis of the calibration curves.
In the sample mode, a 450-(ilitre sample may be either aspirated or injected into the inspection chamber via the entry port, access to which is made by opening the hinged inlet flap. The inspection chamber consists of a 6-cm length of perspex tubing and is used to check that the sample is bubble-free. The liquid sensor VsA operates a sample warning light indicating that the correct volume of sample has been delivered. Any excess of sample is removed via valve V t and thus prevents any pressurization of the electrodes. When the sample has been introduced the inlet flap is closed manually and is locked by valve V 9 . If the flap is not closed within 60 s of opening, rinsing is initiated. When the inlet flap locks, the valve V x closes and valve V 6 opens. The sample is drawn into the cuvette by the main pump, the first part of the sample being used to flush the cuvette. A heat exchanger brings the sample to 37 °C as it is pumped to the cuvette. Simultaneously, the KC1 pump operates to deliver KC1 via valve V 5 to form an open liquid junction with the sample. The data-logger now samples the analog outputs from the measuring system in sequence and thus updates the memory and displays in steps at approximately 18-s intervals ( fig. 2 ). At the end of the preset measuring period (118 s) the computer corrects the raw data from the internal calibration curves. The corrected pH, Po 2 and Pco 2 are now held in the display and the computer calculates the derived values. When calculations are complete, all the data are printed and the control system initiates the rinse cycle.
Rinsing is initiated when the machine is switched on, when the "rinse" button is pressed, after a sample has been analysed, if the inlet flap is left open and after a calibration. In the event of a power failure or the machine being switched off, rinsing is initiated using stored electrical energy from a capacitor, and thus the risk of a sample clotting in the cuvette is eliminated. During rinsing, valve V 9 locks the inlet flap and valve V 4 closes. Pulses of pre-warmed saline (the volume of which is approximately six times that of the cuvette) from an external reservoir and low gas (5.61% carbon dioxide) are pumped through the cuvette and passed to waste via valve V^ After a short time valve V 4 opens and valve V x closes, thus directing the rinse through the inspection chamber and inlet flap. This alternate flushing is carried out five times in all, in such a way that the second and fourth rinses flush the cuvette and go directly to waste whilst the other rinse cycles flush the cuvette, the inspection chamber and the inlet flap. During the rinse cycle, valve V 8 opens and the KC1 pump operates to flush the reference electrode with fresh KC1. When the instrument is not being used for measurements, the cuvette is kept filled with humidified low gas which enters the system via valve V 6 and which maintains the electrodes within their working range, the gas being replenished at 10-min intervals. When the rinse cycle is complete the inlet flap unlocks the "ready" lamp lights.
The time taken for a sample to be analysed, the result printed and the rinse cycle to be completed is about 4 min. The calibration cycle takes about 6 min, and the rinse cycle about 1 min.
METHODS

Operating conditions
The instrument under test was set up in our laboratory by an engineer from the distributing company and was then allowed to stabilize for at least 2 h before any samples were introduced. Electrode performance checks were carried out each day and the test programme was initiated only when the instrument proved to be functioning satisfactorily.
Since the ABL 1 is not able to deal with gas samples, this study was restricted to an assessment of the performance of the instrument with respect to blood samples.
Sample preparation
Seven 1-ml aliquots of heparinized whole human blood were tonometered in an Instrumentation Laboratories I.L.237 tonometer (Chalmers, Bird and Whitwam, 1974) with mixtures of oxygen/carbon dioxide/nitrogen in the range 3-76% oxygen and 2-12% carbon dioxide at 37 °C. The concentration of carbon dioxide had been checked previously by the modified Haldane method of Campbell (1960) and the oxygen concentration was checked against a Servomex OA101 Mk II paramagnetic analyser calibrated with high purity nitrogen (White Spot Nitrogen, B.O.C. Ltd), air and 100% oxygen (Nunn et al., 1964 ). The tonometered samples were then either aspirated into the ABL 1 directly from the tonometer equilibration chamber, or drawn into sterile plastic 5-ml syringes and injected into the analyser. Duplicate estimations were performed on all samples and between analyses the samples were stored in melting ice.
The haemoglobin concentration of each sample was estimated by the cyanmethaemoglobin method (Dacie and Lewis, 1963 ) using a Pye-Unicam SP 500 spectrophotometer standardized against a cyanmethaemoglobin standard solution (Lewis, 1967) (SD of duplicate analyses +0.19 g%).
Electrode response time
Electrode response times were measured by taking the analog outputs from a five-pin DIN plug at the back of the instrument to a Brush Mk 280 recorder, which has a half-scale frequency-response of 35 Hz. Samples were then introduced into the instrument and the time to reach 95% of maximum response was recorded. Response curves were recorded for samples with tensions greater and less than the tensions of the "red" gas which is left in the cuvette between samples.
Calculations
Linear regression analyses were carried out on the comparisons between the measured Po 2 and Pco 2 and the known composition of the tonometer gas. The pH measurements were compared in a similar fashion with the mean of pH measurements on two standard capillary electrodes (Radiometer G297/G2). These electrodes were set up on Radiometer precision buffers, the SD of the differences between the two electrodes being + 0.005 pH units.
To estimate the repeatability of the Po^ Pco 2 and pH electrodes, the duplicate analyses performed on the ABL 1 were subjected to a paired t test, the SD being interpreted, after Hill and Tilsey (1973) , as an indication of the total error of the method. Hill and Tilsey also stated that the SEM of the scatter of the data about the regression lines is a measure of ultimate reproducibility of the instrument alone, and this value was calculated for each electrode.
Since the instrument is self-calibrating, the mean and SD of each calibration value were calculated in order to estimate the consistency of the calibrations. From the print-out obtained for each calibration, the Po 2 and Pco 2 were converted to per cent to normalize the data, since the percentage concentration was constant whilst the partial pressure varied with barometric pressure. The calculations were then performed and the results converted back to partial pressures at a barometric pressure of 760 mm Hg.
For the pH electrode, each pH calibration value depends on both the original pH of the calibrating solution and the Pco 2 after equilibration with the calibrating gases. The relationships between pH and Pco 2 are expressed by the equations: where Pco 2 is mm Hg. Therefore, from equations (a) and (b), the pH obtained from the calibration data was converted first to Pco 2 and then to per cent carbon dioxide according to the barometric pressure, thereby normalizing the data and allowing the statistical analysis to be performed. The results obtained from the analysis of these derived data were then converted back to pH notation. Table I lists the regression equations for each parameter, together with the correlation coefficients for each equation (r), the standard error of the scatter of results about the line (SEM) and the number of data points on which the analysis was based («). Methods of assessing the accuracy and reproducibility of blood-gas electrode systems vary from author to author, as do the statistical calculations performed on the data obtained. Therefore, our results are expressed in a number of ways in order to permit comparison with previous publications in this field.
RESULTS
pH electrode
The regression equation shows that the electrode has a linear response (slope = 0.99) with a small intercept. The data are well correlated, with a coefficient of 0.997. The value for the SEM of the scatter of data about the regression (+ 0.015 pH units) is better than those obtained by Hill and Tilsey (1973) , which range from ± 0.02 to + 0.08 pH units for the five instruments they tested.
The SD of the duplicate data (±0.01 pH units) is also better than those obtained by Hill and Tilsey (±0.04 to ±0.14pH units), but Kelman, Coleman and Nunn (1966) suggest a value of between + 0.004 and ± 0.008 pH units for this parameter.
From the calibration data, it can be seen that both solutions were measured with equal precision, having SD values of ± 0.002 pH units.
Po 2 electrode
Adams, Morgan-Hughes and Sykes (1967) quote SD for tonometered blood of 1 mm Hg, with which the ABL 1 compares well, having SD ± 1.03 mm Hg over the same range (0-150 mm Hg). Hill and Tilsey obtained SD values in the range + 7.07 to ± 17.12 mm Hg, and Weisbrot, Vijaykant and Gorton (1974) , assessing results obtained from two routine blood-gas laboratories, reported figures of ± 4.63 to + 5.84 mm Hg, which probably indicate a more usual value for this parameter.
From the regression analysis we obtained a value for SEM of the scatter of data of ± 9.87 mm Hg over the range 0-600 mm Hg, which is in agreement with Moran, Kettel and Cugell (1966) , who reported values of + 10.6 to 14.5 mm Hg, and Hill and Tilsey (1973) who reported values of ±3.47 to +11.53 mm Hg. The coefficients of the equation show that the electrode has good linearity (slope = 0.99) with a small intercept (0.8 mm Hg) and the data are well correlated (r = 0.998).
• Interestingly, this regression line indicates only a very small blood-gas difference (less than 1%) which would seem at variance with other authors who have studied the micro-cathode electrode. It may be that the small blood-gas difference is a result of the small size of the electrode, since there is no other difference from conventional items.
Pco 2 electrode
The slope of the regression line for the carbon dioxide electrode again shows good linearity (slope = 1.01), although the intercept at -0.99 mm Hg is perhaps higher than one would wish for. However, the data are well correlated (r = 0.993) and are in agreement with the regression data of Flenley, Millar and Rees (1967) and Hill and Tilsey (1973) .
The SEM of the scatter of data (±1.86 mm Hg) is about the middle of the range quoted by Hill and Tilsey for this parameter (± 0.68 to ± 3.64 mm Hg).
For the SD of tonometered blood samples, Adams, Morgan-Hughes and Sykes (1968) obtained a figure of +0.43 mm Hg, while Lunn and Mapleson (1963) obtained a value of ±0.4 mm Hg. These figures appear to be the best values obtainable, since Flenley, Millar and Rees (1967) report values of ± 1.3 to + 2.4 mm Hg, and Hill and Tilsey (1973) obtained even greater SD values in the range ±2.45 to ± 5.70 mm Hg. Thus, with SD ± 1.32 mm Hg, the ABL 1 seems to present a fairly precise analysis of blood Pco 2 .
Some anxiety has been expressed concerning carbon dioxide being absorbed into the walls of the perspex cuvette, and leaching out into subsequent samples. This may occur, but, since the cuvette is flushed with saline and air after every sample and left filled with "red" gas (Pco 2 = 40 mm Hg) between samples, it would appear that both analysis and calibration are provided with a fairly constant starting PCO2, thus minimizing any hysteresis effects.
Haemoglobin measurement
The haemoglobin regression analysis shows the linearity of the system to be good (slope = 1.02) but with a systematic overestimate of haemoglobin concentration by about 0.6 g% over the whole range. This is a result of the zero of the photometer being set at +0.5 g% by the manufacturer in order to prevent an apparent "negative" haemoglobin reading in the event of drift. In fact the "zero" may be adjusted to read closer to true zero, but there is no difficulty in subtracting the overestimate from the reading obtained. SD of the method is + 0.20 g%, which compared well with the cyanmethaemoglobin method (SD ±0.19 g%).
CONCLUSIONS
The ABL 1 is simple to operate, requiring no training, and would appear to give results which are not influenced by the operator. It requires minimal maintenance and operates using only pure carbon dioxide and two calibrating solutions. Its accuracy is at least as good as that of other electrode systems which have been reported and on some measurements it may be superior.
Two disadvantages of the system are its inability to cope with gas samples or small capillary blood samples.
However, the ABL 1 is a completely automated system which has proved reliable during the 8 months period of observations. Despite its high capital cost, it should prove to be a useful instrument in laboratories undertaking a moderate or heavy load of bloodgas analyses.
VERS L'AUTO-ANALYSE DU GAZ DANS LE SANG: EVALUATION DU RADIOMETER ABL 1 RESUME On a procede a une evaluation des performances du Radiometer ABL 1, analyseur des gaz dans le sang, a l'aide d'echantillons de sang soumis a une tonometrie dont la tension en oxygene (.Po 2 ) et la tension en bioxyde de carbone (Pco 2 ) etaient connues. L'electrode du pH a ete comparee a deux autres systemes d'electrodes du pH et les estimations del'hemoglobineontetecomparees a des mesures prises suivant la methods standard de la cyanomethemoglobine. La precision de la machine s'est comparee favourablement avec le materiel standard pour la mesure des gaz dans le sang, mais les valeurs de l'hemoglobine ont accuse une legere erreur en raison de deport du zero sur la machine. L'analyseur est d'un fonctionnement simple et son exploitation n'est pas onereuse. 
SUMARIO
Se ha cvaluado el funcionamiento del analizador de gas sanguineo Radiometer ABL 1 mediante el empleo de muestras tonom&ricas de sangre de Po z y Pco 2 conocidos. El electrodo pH se compard con otrosdossistemas de electrodos pH y los calculos dehemoglobina se compararon con la medicion hecha por el metodo de cianmetahemoglobina. La exactitud de la maquina se comparo bien al equipo normal de gas sanguineo, pero los valores de la hemoglobina mostraron un pequeno error debido a la lectura cero "offset" en la maquina. El analizador es facil de operar y su costo es bajo.
